Visual attention and short-term memory (VSTM) 
Visual short-term memory activity in parietal lobe reflects cognitive processes 36 beyond attentional selection 37 38
Abstract (250): 39
Visual attention and short-term memory (VSTM) are distinct yet inter-related 40 processes. While both require selection of information across the visual field, 41 memory additionally requires maintenance of information across time and 42 distraction. VSTM recruits areas within human (male and female) dorsal and ventral 43 parietal cortex that are also implicated in spatial selection, therefore, it is important 44 to determine if overlapping activation might reflect shared attentional demands. 45 Here, identical stimuli and controlled sustained attention across both tasks were 46 used to ask whether fMRI signal amplitude, functional connectivity, and 47 contralateral visual field bias reflect memory-specific task demands. While attention 48
and VSTM activated similar cortical areas, BOLD amplitude and functional 49 connectivity in parietal cortex differentiated the two tasks. Relative to attention, 50 VSTM increased BOLD amplitude in dorsal parietal cortex and decreased BOLD 51 amplitude in the angular gyrus. Additionally, the tasks differentially modulated 52 parietal functional connectivity. Contrasting VSTM and attention, intraparietal 53 sulcus (IPS1-2) was more strongly connected with anterior fronto-parietal areas 54 and more weakly connected with posterior regions. This divergence between tasks 55 demonstrates that parietal activation reflects memory-specific functions and 56 consequently modulates functional connectivity across the cortex. In contrast, both 57 tasks demonstrated hemispheric asymmetries for spatial processing, exhibiting a 58 stronger contralateral visual field bias in the left versus the right hemisphere across 59 tasks, suggesting that asymmetries are characteristic of a shared selection process 60 in IPS. These results demonstrate that parietal activity and patterns of functional 61 connectivity distinguish VSTM from more general attention processes, establishing 62 a central role of the parietal cortex in maintaining visual information. 63 64
Significance (110): 65 66
Visual short-term memory (VSTM) and attention are distinct yet interrelated 67 processes. Cognitive mechanisms and neural activity underlying these tasks show a 68 large degree of overlap. To examine whether activity within the posterior parietal 69 cortex (PPC) reflects object maintenance across distraction or sustained attention 70 per se, it is necessary to control for attentional demands inherent in VSTM tasks. We 71 demonstrate that activity in PPC reflects VSTM demands even after controlling for 72 attention; remembering items across distraction modulates relationships between 73 parietal and other areas differently than during periods of sustained attention. Our 74 study fills a gap in the literature by directly comparing and controlling for overlap 75 between visual attention and VSTM tasks. Furthermore, change detection tasks, often used to study VSTM, rely upon 95 attentional selection and evoke brain activation similar to attentional modulation 96 (Huettel et al., 2001; Gazzaley et al., 2007) . Even stimulus-specific delay period 97 activity, arguably a VSTM function, might reflect sustained attention. Together, the 98 distributed nature of VSTM and its overlap with visual attention processes calls into 99 question whether VSTM activity in IPS reflects maintenance or sustained attention 100
George Washington and Georgetown Universities. Each participant in the fMRI study 145 was trained outside the scanner and then participated in a single 1.5 h fMRI session. 146
Data from one participant were discarded because of incomplete cortical coverage 147 of the regions of interest (ROIs). 148
Experimental Design and Statistical Analysis: 149
Stimuli and Tasks. Stimuli were generated using the PsychoPy software package 150 (Peirce, 2009, RRID:SCR_006571) and were displayed using an LCD projector on a 151 screen mounted at the back of the scanner bore. Participants viewed the stimuli via 152 a mirror angled at 45°. All stimuli were presented on a mean luminance background. 153
At least one day prior to the MRI session, participants participated in a training 154 session for the localizer, attention, and VSTM tasks. Participants performed each 155 task until they verbally indicated that they understood the task and performed at a 156 level of 75%. On the day of the MRI session participants again practiced each task 157 just prior to entering the scanner bore. Frontal Eye-Fields (FEF), anterior IPS, and the angular gyrus were defined in 275 individual participants using functional connectivity with an IPS1-2 seed region in 276 each hemisphere, using the data across all attention and VSTM runs (Table 1) . FEF 277 ROIs were defined by finding an area of contiguous positive partial correlation, 278
anatomically constrained by the intersection of the superior frontal gyrus and 279 precentral sulcus. The anterior IPS was defined as a contiguous area in the parietal 280 cortex anterior and lateral to IPS2. The angular gyrus was defined as a contiguous 281 area in inferior parietal lobule that showed negative partial correlation and was 282 bounded by the intraparietal sulcus, the supramarginal gyrus, and the superior 283 temporal sulcus. 284
Functional connectivity analysis. Functional connectivity was measured across each 285 run (attention and passive viewing blocks during the attention task, VSTM and 286 passive viewing blocks during the VSTM task). Following preprocessing, the data 287 underwent multiple regression with nuisance regressors including the average 288 white matter signal, average signal from the ventricular regions of interest, whole 289 brain signal, and 12 motion regressors (6 motion parameters from Freesurfer 290 motion correction and their 6 temporal derivatives). We removed motion time 291 points and applied a band-pass filter with 0.01 < f < 0.08 Hz. We then calculated the 292 average time course for retinotopically defined IPS1-2, combined, to create a seed 293 region for functional connectivity analyses. We collapsed across attention and VSTM 294 runs to define the frontal eye fields (FEF), anterior IPS, and angular gyrus ROIs. FEF 295 was defined by the intersection of the superior frontal sulcus and the precentral 296 gyrus that showed a positive correlation with IPS1-2. The angular gyrus was defined 297 as a continguous area in the inferior parietal lobule that was negatively correlated 298 with IPS1-2 across both tasks. 299
Results: 300
Visual short-term memory and attention fMRI scans were performed varying visual 301 field location of memory targets (left and right visual field), while maintaining the 302 overall pattern of visual stimulation (targets and distractors). Each block began with 303 a cue indicating the visual field of the targets (left/right) and whether to perform 304 the task or passively view the stimuli (Figure 1 ). In the memory runs, participants 305 performed an orientation change detection task while ignoring a dynamic mask. In 306 the attention runs, participants deployed attention to the target bars and then kept 307 track of how many intervals contained all vertical targets. Importantly, across VSTM 308 and attention runs, stimuli and spatial selection demands were controlled. 309
310
Behavioral performance 311 VSTM behavioral performance was assessed using percent correct (see Materials  312 and Methods). A 2x2 factor ANOVA with task (attention, VSTM) and visual field (left, 313 right) as variables and accuracy as dependent measure demonstrated a main effect 314 of task (F(1,10) = 13.48, p = 0.0043, ANOVA), reflecting that the attention task 315 (M=78% +/-11) was more difficult than the VSTM task (M=91% +/-5). This result 316 was later replicated in a follow-up eye-tracking experiment, see below. Therefore, 317 any brain activation that is greater during the VSTM condition than the attention 318 condition is not attributable to greater task difficulty. There was neither a 319 significant effect of target location (F(1,10) = 9.34, p = 0.98, ANOVA) nor an 320 interaction between task and visual field (F(1,10) = 3.11, p = 0.11, ANOVA), 321 demonstrating that neither attention nor memory performance was different across 322 the visual hemifields. 323
Dorsal posterior parietal cortex 324
Using an external localizer, we were able to localize early visual cortex (V1-V3), as 325 well as cortical area V3A/B, IPS0, IPS1, and IPS2 (Table 1) 
Eye-tracking control 386
To ensure that the difference in activation profiles between the VSTM and attention 387 tasks was not driven by potentially different patterns of eye movements during the 388 'dynamic mask' and "target period', we collected behavioral and eye tracking data 389 for an additional six participants outside the scanner. This follow-up not only 390 served to examine eye-movement patterns during the VSTM and attention tasks, but 391 also allowed an opportunity to replicate the basic behavioral findings. A mixed-392 design ANOVA was conducted with condition (attention, VSTM) as a within-subject 393 variable and session (fMRI, eye-tracking) as a between subject variable, with RTs 394 the dependent measure. A main effect of task (F(1,15) the estimation of the number of items in a set. Given that participants were asked to 542 count the number of targets during the attention task, it is possible that our 543 attention task utilizes the same underlying resources. However, it is unlikely that 544 this component of the attention task can explain the difference between attention 545 and VSTM found here. In addition, our attention task required participants to 546 remember how often all of the targets were presented vertically and update the 547 number mentally, two components associated with working memory (Baddeley, 548 2003) . Because enumeration-related or working memory processes would increase 549 the overall activation level in IPS, any additional processes occurring during the 550 attention task would increase activity during attention and thus reduce the overall 551 difference between the two tasks. The exact role of the default-mode network in cognition is one of the outstanding 596 fundamental questions in cognitive neuroscience. While this network has been 597 proposed to be deactivated during performance of any task that requires external 598 objects or events (Raichle, 2015) , the task differences reported here argue for a 599 more nuanced role specifically within the angular gyrus. Consistently, fMRI and 600 stimuli and attentional selection demands were used across the two tasks. In the 749 VSTM paradigm (green labels), participants were asked to remember the 750 orientation of target bars (here in yellow) while ignoring distractor bars (here in 751 blue). During the VSTM delay, a series of brief stimulus presentations before the 752 memory probe and response served as a dynamic mask. 753
In the visual attention paradigm (blue labels), participants were asked to 754 select three target bars (yellow) and ignore distractor bars (blue). During the 755 brief presentations, participants had to monitor target bars for when all selected 756 yellow targets were vertical (e.g., displays 1 2, and 4 in the figure) , and report 757 the number of these presentations in the target interval(1-2 or 3-4; in this 758 example the response would be 3). Targets frames are indicated by red arrows. 759 
